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Oxacalix[4]arenes containing either one or two oxa-bridges afford di and undecanuclear CuII clusters respectively upon reaction with cupric nitrate under facile conditions. Variation in reaction conditions results in formation of a tetranuclear CuII cluster with mono-oxacalix[4]arene, representing a structural expansion of the dinuclear assembly. 
The calix[n]arenes (general notation C[n], where n represents the number of aromatic rings, Fig. 1A) are a versatile class of cyclic polyphenols that have been used extensively in the formation of supramolecular architectures and in various aspects of coordination chemistry. C[4]s have a propensity to adopt cone conformations due to complementary lower-rim hydrogen bonding interactions (Fig. 1B). The resulting polyphenolic pocket is an attractive site for controlled metal complexation, a consequence of which is that methylene-bridged C[4]s have emerged as excellent ligands for polynuclear transition metal (TM), lanthanide metal (LnM) and 3d-4f cluster formation.1 We have used p-tert-butylcalix[4]arene (TBC[4]) and calix[4]arene (C[4]) to assemble a) [MnIII2MnII2(TBC[4])2] Single-Molecule Magnets (SMMs),1b,c b) [CuII9(TBC[4])3] clusters1d that are versatile anion binding materials (Fig. 1C), c) [MnIII4LnIII4(C[4])4] clusters that are magnetic refrigerants or SMMs depending on the lanthanide employed,1f,g [FeIII2LnIII2(TBC[4])2] clusters1h and e) octahedral [LnIII6(TBC[4])2] (Ln = Gd, Tb, Dy) clusters (Fig. 1D).1i All of these cluster motifs display a common feature in that a metal occupies the centre of the lower-rim polyphenolic pocket. 
	The thia-, sulfonyl- and sulfinyl-bridged family of C[4]s have been used widely in cluster formation chemistry due to the presence of additional donor atoms that assist in complexation of both TMs and LnMs.2 These donor atoms produce dramatically different polynuclear clusters relative to their methylene-bridged analogues (Fig. 1E) as they invoke ‘migration’ of metal centres away from the centre of the polyphenolic pocket as shown in Figure 1F. 
	We recently turned our attention towards cluster formation chemistry with the oxacalix[4]arenes, an underexploited family of C[4]s containing specific numbers of additional donor atoms in the form of ethereal bridges. Two members of this homologous series, p-tert-butyl-dihomooxacalix[4]arene (H4L1) and p-tert-butyl-tetrahomodioxacalix[4]arene (H4L2) are readily amenable to synthesis,3 however, the synthetic chemistry with respect to TM and LnM cluster formation remains considerably underdeveloped. Moreover, the incorporation of one or two (or more) heteroatom bridges has the potential to allow control over the size of the polyphenolic pocket and thus it is important to systematically explore the coordination properties of these ligands to establish metal binding rules or trends. Here we report the synthesis, structural characterisation and magnetic properties of the first examples of transition metal complexes of H4L1 and H4L2.  

Fig. 1 (A) Generic C[n] structure. (B) Cone conformer of TBC[4]. (C) Tri-capped trigonal prismatic [CuII9(TBC[4])3] cluster with chloride counter ion. (D) Octahedral [LnIII6(TBC[4])2] cluster. (E) General schematic for TM and LnM binding in the TBC[4] polyphenolic pocket. (F) General schematic for TM and LnM binding in thia- sulfonyl- and sulfinyl-C[4]s. Colour code: Cu – blue, Ln – green, Cl – yellow, O – red, N – blue, C – grey. H atoms are omitted for clarity.
Results and Discussion
H4L1 and H4L2 are readily prepared in reasonable yield from thermally induced dehydration reactions of either a bis(hydroxymethyl)tetraphenol or a bis(hydroxymethyl)diphenol respectively, in xylene at reflux.3 In contrast to TBC[4] which has a near-perfect square binding pocket, H4L1 (Fig. 2A) containing one ethereal link, possesses a trapezoidal binding pocket that has been shown to complex metal ions in a handful of cases. A search of the Cambridge Structural Database (CSD)4 revealed only four entries corresponding to complexes with uranium,5 cesium6 and europium.7 We recently reported three isostructural Ln5 clusters (Ln = Gd, Tb, Dy) that were synthesised with H4L1 as a support ligand.8 Importantly there are no examples where H4L1 is coordinated to a transition metal. A move from H4L1 to H4L2 occurs with a second change in the shape (and size) of the binding pocket to afford a rectangular site (Fig. 2B). To our knowledge the only structurally characterised examples of metal complexes of H4L2 contain the uranyl ion,9 and there are no examples of either TM or LnM species. 

Fig. 2 Schematic showing the trapezoidal and rectangular binding sites in L1 (A) and L2 (B) respectively.
Reaction between H4L1 and Cu(NO3)2·5H2O in a dmf/MeOH solvent mixture and in the presence of Et3N results in a mixture of two crystalline products (light brown and dark green) upon slow evaporation. Both types of crystal were studied by single-crystal X-ray diffraction; the light brown and dark green crystals were found to contain a copper dimer (1) and a structurally related tetranuclear copper chain (2) respectively, both of which are supported by two H2L1 ligands. In the case of 1 the pure compound containing only light brown crystals of higher quality was obtained by diffusion of MeCN into the mother liquor.‡ For 2, pure material was isolated by changing the order of addition of reagents (vide infra), showing interesting effects over complex formation.‡ Crystals of 2 slowly change colour to brown upon removal from solution and being exposed to air for prolonged periods, indicating decomposition. Reaction between H4L2 and Cu(NO3)2·5H2O under analogous reaction conditions,‡ followed by crystallisation via vapour diffusion with diethyl ether affords a CuII11 cluster (3) supported by two fully deprotonated L2 ligands. The three compounds reported here are the first examples of transition metal complexes supported by these oxacalixarenes. 
[CuII2(H2L1)2]·(dmf)1.5·(MeCN)2.5 1. 
Light brown single crystals of [CuII2(H2L1)2]·(dmf)1.5·(MeCN)2.5, 1, grew upon vapour diffusion of MeCN into a MeOH/dmf solution containing Cu(NO3)2·5H2O, H4L1 and Et3N.† The crystals are in a triclinic cell and structure solution was performed in the space group P-1. The asymmetric unit contains two half molecules of the title compound, and symmetry expansion reveals a CuII2 dimer housed between two H2L1 moieties (Fig. 3A). The oxacalixarene in 1 is doubly deprotonated and exists in the cone conformation, stabilised by both coordination to the metal and by hydrogen bonding interactions between the remaining phenolic oxygens and their deprotonated counterparts. Inspection of the structure reveals that both Cu centres exist in a slightly distorted square pyramidal geometry with a unique long contact of 2.599 Å between the Cu atom coordinated in one H2L1 cavity and the phenolic oxygen of the symmetry equivalent (s.e.) H2L1 ligand. The metallic core of 1 is a CuII dimer with a Cu1···Cu1(s.e.) distance of 2.949 Å. The metal ions are connected by two phenolic μ-oxygens (Cu1-O3 and Cu1(s.e.)-O3 distances of 1.931(4)Å and 1.946(4) Å respectively and a Cu1-O3-Cu1’ angle of 99.10°). In addition, the coordination sphere of Cu1 is completed by a terminal phenolic oxygen (Cu1-O5 1.893(4) Å), and by coordination from the ethereal bridge (Cu1-O4 1.962(4) Å). The effect of coordination at O4 is that the metal ion has migrated from the centre of the polyphenolic pocket as shown in Figure 3B. Furthermore this binding mode is in contrast to the literature examples where the respective lanthanide or actinide metal ions are located more towards the centre of the binding site of L1, coordinating to all four phenolic oxygens. In the case of the gadolinium8 and uranyl complexes5 the bridging ethereal oxygen does not participate in coordination to the metal centres. In the europium complex7 the bridging oxygen does participate in bonding albeit the distance between oxygen and metal (2.672 Å) is markedly longer (ca. 0.3 Å) than the average of the phenolic oxygen – metal distances.

Fig. 3 A) Expanded single crystal X-ray structure of 1 showing the dimeric CuII core and bridging nature of one phenolic oxygen. Long contacts between the CuII centres and phenolic oxygens are not shown. B) Binding site in 1 showing coordination from the ethereal bridge. Colour code: Cu–pale blue, O–red, C–grey. Solvent and H atoms omitted.
We have observed a similar mode of binding with a larger congener of H4L2; in this example p-tert-butyl-tetrahomo-dioxacalix[6]arene is coordinated to a CoII ion through two phenolic and one ethereal oxygen bridge.10 Examination of the extended structure shows that the asymmetric unit of 1consists of two half molecules. Symmetry expansion reveals that 1 packs in a complex fashion. As a result of the disorder of dmf and acetonitrile of crystallisation, it is not possible to fully identify all of the intermolecular interactions between the various components in the assembly of 1. Along one axis the molecules assemble into a linear chain where individual molecules of 1 are mutually perpendicular (See figure S1). It is along this axis where the closest intermolecular Cu···Cu distance lies (Cu1···Cu2 7.630 Å). Along the remaining axes 1 assembles into offset solvent included bi-layer arrangements, reminiscent of TBC[4] solvates.11 CuII dimers are by no means uncommon in the literature. A search for oxygen bridged Cu dimers in the CSD returned ca. 1500 entries.4
[CuII4(H2L1)2(dmf)2(2-OMe)4]·(dmf)2 2. 
Dark green single crystals of [CuII4(L1-2H)2(dmf)2(2-OMe)4]·(dmf)2,  2, grew upon slow diffusion of a MeOH solution containing H4L1 and Et3N into a dmf solution containing Cu(NO3)2·5H2O.† The crystals are in a monoclinic cell and structure solution was performed in space group P21/n. The asymmetric unit contains half of the title formula and symmetry expansion reveals a linear chain of four CuII ions connecting two doubly deprotonated H4L1 ligands as shown in Figure 4. Compound 2 is structurally related to 1, and can essentially be considered as an extended analogue. Cavity bound Cu2 is coordinated in an analogous fashion to Cu1 in 1 with respect to H2L1 (compare Figures 3 and 4). 

Fig. 4 Single crystal X-ray structure of 2. Colour code: Cu–pale blue, O–red, N–blue, C–grey. Non-coordinating solvents and H atoms omitted. 
In the present structure a phenolic μ-oxygen bridges to Cu1 with a Cu2-O1 distance of 1.943(6) Å). A phenolic oxygen is terminally coordinated to Cu2 with a Cu2-O2 distance of 1.894(6) Å, and the oxygen from the H2L1 ethereal bridge coordinates with a Cu2-O5 distance of 1.982(6) Å. The coordination sphere is completed by a μ-methoxide with a Cu2-O6 distance of 1.902(6) Å) and a ligated dmf molecule with a Cu2-O8 distance of 2.370(7) Å. Cu2 is connected to Cu1 (Cu2···Cu1 distance of 2.920 Å) by the aforementioned μ-methoxide and the μ-phenolic oxygen (Cu1-O6-Cu2 100.5(3)˚ and Cu1-O1-Cu2 97.2(3)˚) with Cu1-O6 and Cu1-O1 distances of 1.895(6) Å and 1.949(6) Å respectively. Cu1 links to its s.e. through a μ-methoxide with a Cu1-O7 distance of 1.902(7) Å (Cu1-O7-Cu1' 101.1(3)˚). A co-crystallised dmf ligand resides within each H2L1 cavity of 2 resulting in various CH··· interactions with the aromatic systems of H2L1 (CH··· 2.691 Å). Analysis of the extended structure reveals that molecules of 2 assemble in an offset head-to-head bi-layer arrangement (figure S2). Furthermore, the metallic skeleton of adjacent symmetry equivalent molecules is well isolated (Cu2···Cu2' 7.784 Å). A search of the CSD was performed for linear oxygen bridged CuII4 chains. This resulted in eight entries,4 highlighting the rarity of the motif observed in 2.
	As mentioned above, pure 1 or 2 can be isolated by either vapour or solvent diffusion methods respectively, or simultaneously by slow evaporation. At this stage it is difficult to definitively determine the reason for preferential formation of the dimeric or tetrameric cluster, but inspection of both structures suggests that the Cu2 ligated dmf found in 2 may be important in directing the assembly process. Compound 2 is obtained from slow diffusion of a dmf solution of copper nitrate into a MeOH solution of H4L1 and Et3N. The key factor appears to be coordination of dmf to copper and the reaction conditions in 2 are prearranged for this to occur. Figure 5 suggests that the ligated dmf is sufficiently large to prevent formation of a metal dimer (compare with Figure 3) and we propose that this promotes phase pure formation of the tetrameric CuII chain in 2. Conversely for 1, in which vapour diffusion with MeCN is key to the formation of phase pure light brown crystals, the extent of dmf ligation in the reaction mixture would be reduced by the use of a dmf/MeOH solvent mixture. This is the first time we have observed such drastic behaviour in the formation of calix[n]arene supported clusters, but results reported here suggest that it may be possible to further control the synthesis of other cluster motifs through the use of solvent diffusion. 

Fig. 5 Asymmetric unit of 2 showing space-filling representation of ligated dmf on the cavity bound CuII ion. Colour code: Cu–pale blue, O–red, N–blue, C–grey. Non-coordinating solvents and H atoms omitted.
[CuII11(L2)2(dmf)2(-dmf)2(NO3)2(3-NO3)2(-OMe)2(μ5-O)2(μ4-O)2]·(Et2O)2 3.
Single crystals of [CuII11(L2)2(dmf)2(-dmf)2(NO3)2(3-NO3)2(-OMe)2(μ5-O)2(μ4-O)2]·(Et2O)2, 3 (Fig. 6A), were obtained by vapour diffusion of Et2O into a MeOH/dmf solution containing Cu(NO3)2·5H2O, H4L2 and Et3N.† The crystals are in a triclinic 

Fig. 6 A) Single crystal X-ray structure of 3. B) Metal-Oxygen core in 3. C) Binuclear binding in fully deprotonated 3. Colour code: Cu–pale blue, O–red, N–blue, C–grey. Non-coordinating solvents and H atoms omitted.

cell and structure solution was performed in the space group P-1. The asymmetric unit contains half of the title compound and symmetry expansion reveals the complex CuII11 metallic skeleton (Cu1-Cu6 and s.e. centres, Fig. 6B) supported by two fully deprotonated L2 ligands. The oxacalixarene adopts the cone conformation and the resulting cavity is occupied by two square pyramidal CuII ions as shown in Figure 6C, with a Cu1···Cu2 distance of 3.080 Å. From inspection one can see that the binding pocket in L2 is too large to house one TM ion, the result of which is that CuII ions occupy the two binding sites within the ligand. Cu1 and Cu2 are both coordinated to two phenolic μ-oxygens (Cu–O distances ranging from 1.922(5) – 1.992(5) Å) and by ethereal oxygen atoms (Cu1-O6 and Cu2-O3 distances of 2.042(5) Å and 1.976(5) Å respectively). A μ-dmf connects Cu1 to Cu2 as does a μ5-bridging O2- ion, O8, which is also coordinated to Cu3, Cu4 and Cu5 (Cu–O distances ranging from 1.940(5) – 2.409(5) Å, with the distance Cu3-O8 considerably longer than the others). Cu3 also has a distorted square pyramidal geometry and is coordinated to by O8, two μ-phenolic oxygens, O2 and O3 (respective Cu3-O distances of 1.919(5) Å and 2.036(5) Å), a μ2-MeO- (Cu3-O10 distance of 1.936(5) Å) and an μ4-O2-, O9 (Cu3-O9 distance of 1.901(5) Å). Cu4 exists in a distorted octahedral geometry and is positioned on the inversion centre. It is bonded to O8, O9 and s.e. atoms. In addition, Cu4 is bonded to a μ4-bridging nitrate ion which is further coordinated to Cu1, Cu5, Cu6 and symmetry equivalent atoms. Cu5 is distorted square pyramidal and its coordination sphere is also occupied by O8 and O9 (Cu5-O8 and Cu5-O9 distances of 1.986(5) Å and 1.908(5) Å respectively). The remaining coordination sites are occupied by a μ4-NO3- (Cu5-O13 ca. 2.50 Å, a phenolic oxygen (Cu5-O5 distance of 1.937(5) Å), a ligated dmf (Cu5-O11 distance of 1.946(6) Å). Cu6 and its s.e. possess distorted octahedral geometries and the unique coordination sphere is occupied by a μ4-O2- (Cu6-O9 distance of 1.976(5) Å), a μ2 MeO-, (Cu6-O10 distance of 1.923(5) Å), a μ4- phenolic oxygen (Cu6-O4 distance of 1.967(5) Å) and two bridging nitrate ligands. The former adopts a μ2-bridging mode and binds to Cu6 in a bidentate fashion (Cu6-O15 and Cu6-O17 distances of 1.977(6) Å and 2.670(6) Å respectively) and the latter is μ4-bridging (Cu6-O12 distance of 2.371(6) Å). Analysis of the extended structure of 3 reveals that symmetry equivalent molecules pack together in a head-to-head bi-layer (figure S3), with a closest intermolecular Cu···Cu distance of Cu2···Cu6' 8.496 Å. A search of the CSD for undecanuclear copper clusters returned only thirteen entries,4 illustrating the rarity of such species. The topology of 3 is unique, a fact largely dependent on the ligand used in cluster construction; close inspection shows that the cluster comprises eight shared CuII tetrahedra as shown in Figure S4. 
Magnetic properties of 1 and 3
Single crystals of 1 and 3 were found to be stable upon removal from the mother liquor. As stated above, exposure of 2 to air results in the dark green crystals converting to a brown microcrystalline powder. As such we did not attempt to measure the magnetic properties of 2. Variable-temperature magnetic susceptibility measurements were carried out on powdered microcrystalline samples of complexes 1 and 3 in the 5-300 K temperature range in fields of 1T and 0.1T, respectively. These are plotted as the χMT product versus temperature in Figure 7. Their room temperature χMT values of 0.50 (1) and 2.71 (3) cm3 K mol−1 are well below the expected values for two (0.75 cm3 K mol−1) and eleven (4.125 cm3 K mol−1) independent S = ½ centres with g = 2.0, indicative of strong antiferromagnetic interactions between the metal ions. In each case the value of χMT decreases abruptly with decreasing temperature. For 1, a value of near 0 cm3 K mol-1 is reached at approximately 100 K, indicating the complex to have a diamagnetic ground state at this temperature and below. For complex 3 a plateau is reached below approximately 50 K with a value of ~0.40 cm3 K mol−1, consistent with the presence of a S = 1/2 ground state (0.375 cm3 K mol−1 for g = 2.0), as might be expected for a half-integer spin system in an odd numbered cage. The structural complexity of 3 precludes any quantitative analysis of the data, but that for complex 1 can be fitted to an isotropic plus Zeeman Hamiltonian12 of the type



to afford J = -164 cm-1 with g fixed to 2.0. The fit included a 0.1% FeIII (S=5/2) impurity. The magnitude of the exchange is in line with the exchange interactions reported for other alkoxo and hydroxo-bridged CuII dimers with similar Cu-O-Cu bridging angles.13

Figure 7. Plot of the χMT product versus temperature for complexes 1 and 3. The red line is a fit of the experimental data. See text for details.
Conclusions
We have shown that mono- and dihomooxacalix[4]arenes are versatile ligands for the construction of di- and undecanuclear CuII clusters respectively. Magnetic susceptibility measurements revealed strong antiferromagnetic interactions, as expected for alkoxo-bridged CuII cages. Changes in the reaction conditions employed resulted in the formation of an ‘expanded’ dinuclear CuII cluster motif, with insertion of two additional metal centres to afford a tetranuclear chain. From our investigations, and also those of others, it appears as though large metal ions (e.g. uranyl and LnIII) favour complexation within the centre of the macrocyclic binding cavity. Conversely CuII preferentially coordinates to the ethereal donor atom in all three cases, thus migrating from the centre of the binding cavity. The dominant reason for of this remains unclear (metal ion size, oxidation state or hardness/softness) and further work is targeted at fully elucidating the reasons for this behaviour. This work will expand on the use of oxacalix[n]arenes in the formation of polynuclear clusters with other TMs (TMII and TMIII) LnMs and 3d-4f combinations. In addition, computational studies will be used to model metal ion binding preferences within oxacalixarene cavities and our findings will be reported in due course. 
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‡ Mono-homooxa-p-tBu-calix[4]arene (L1) and tetra-homodioxa-p-tBu-calix[4]arene (L2) were synthesised according to literature procedures.3 All other chemicals were purchased from Aldrich and used as supplied. 
Synthesis of [CuII2(L1-2H)2]·(dmf)1.5·(MeCN)2.5, 1: Copper(II) nitrate pentahydrate (70 mg, 0.3 mmol) and H4L1 (100 mg, 0.15 mmol) were dissolved in a 1:1 v/v mixture of MeOH/dmf (12 ml). After 10 min of stirring, Et3N (0.1 ml) was added and the solution stirred for a further hour. The resulting precipitate was removed by filtration to leave a dark brown solution. Brown crystals of 1 were obtained by vapour diffusion with MeCN over several days. Elemental analysis (%) calculated for 1, C99.5H134N4O11.5Cu2: C, 70.41 %; H, 7.96 %; N, 3.30 %. Found: C, 70.13 %; H, 7.68 %; N, 3.08 %. 
Synthesis of [CuII4(L1-2H)2(dmf)2(2-OMe)4]·(dmf)2, 2: A solution of copper(II) nitrate pentahydrate (70 mg, 0.3 mmol) was dissolved in dmf (5 ml) in a test tube. A 1:1 v/v mixture of MeOH/dmf (2 ml) was carefully layered onto the copper solution. A second methanolic (5 ml) solution containg H4L1 (100 mg, 0.15 mmol) and Et3N (0.1 ml) was carefully layered onto the MeOH/dmf and the test tube was stoppered. Green crystals suitable for X-ray diffraction were obtained after slow diffusion of the two solutions. As compound 2 loses solvent it was not possible to obtain adequate elemental analysis, or model solvent loss appropriately.
Synthesis of [CuII11(L2-4H)2(dmf)2(2-dmf)2(NO3)2(3-NO3)2(2-OMe)2(μ5-O)2(μ4-O)2]·(Et2O)2, 3: Copper(II) nitrate pentahydrate (69 mg, 0.3 mmol) and H4L2 (103 mg, 0.15 mmol) were dissolved in a 1:1 v/v mixture of MeOH/dmf (12 ml). After 10 min of stirring, Et3N (0.1 ml) was added and the solution stirred for a further hour. The resulting precipitate was removed by filtration to leave a dark brown solution. Brown crystals of 2 were obtained by vapour diffusion with Et2O. Elemental analysis (%) calculated for 2, C114H166Cu11N8 O36: C, 46.83 %; H, 5.72 %; N, 3.83 %. Found: C, 46.53 %; H, 5.55 %; N, 3.61 %. General crystallographic details: Intensity data for compounds 1-3 were collected on a Bruker Nonius X8 Apex II diffractometer operating with Mo-Kα radiation (λ = 0.71073 Å) at 100(2) K. Crystal data for 1 (CCDC 928622): C198H268Cu4N8O23, M = 3382.36, Brown Needle, 0.25  0.15  0.13 mm3, triclinic, space group P-1, a = 16.02(3), b = 17.80(3), c = 19.23(4) Å, = 113.17(4), = 95.82(4), = 106.81(4)°, V = 4679(14) Å3, Z = 1, 2max = 52.0º, 42073 reflections collected, 17952 unique (Rint = 0.0610).  Final GooF = 1.029, R1 = 0.0734, wR2 = 0.1734, R indices based on 10088 reflections with I >2sigma(I) (refinement on F2). Crystal data for 2 (CCDC 928623): C106H152N4O18Cu4, M = 2024.48, Green Block, 0.35 x 0.30 x 0.25 mm3, monoclinic, space group P21/n, a = 20.021(3), b = 12.9755(16), c = 21.644(3) Å, β = 104.916(6)°, V = 5422.1(12) Å3, Z = 2, 2θmax = 45.44 o, 46243 reflections collected, 7128 unique (Rint = 0.1470). Final GooF = 1.025, R1= 0.0862, wR2 = 0.2307, R indices based on 3501 reflections with I > 2σ(I) (refinement on F2). Crystal data for 3 (CCDC 928624): C114H166Cu11N8O36, M = 2923.49, Brown Needle, 0.25  0.20  0.15 mm3, triclinic, space group P-1, a = 13.5485(7), b = 14.4801(7), c = 18.8246(10) Å, = 81.546(2), = 75.736(2), = 62.611(2)°, V = 3175.6(3) Å3, Z = 1, 2max = 54.2º, 46912 reflections collected, 13470 unique (Rint = 0.0737).  Final GooF = 1.271, R1 = 0.0868, wR2 = 0.2107, R indices based on 7144 reflections with I >2sigma(I) (refinement on F2). 
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